Mixed QCD x EW corrections to Drell-Yan processes

in the resonance region

v Alexander Huss
o
a in collaboration with
TS S. Dittmaier and C. Schwinn
o
= T

LoopFestXIll

New York City College of Technology

18.-20. June 2014, New York

based on Nucl. Phys. B885 (2014) 318 [arXiv:1403.3216 [hep-ph]]

Alexander Huss Mixed QCD x EW corrections to Drell-Yan processes in the resonance region 18-June-2014 1/18



@ Motivation and introduction
@ Drell-Yan process @ NLO & the Pole Approximation
@ Pole expansion @ NNLO O(asa)

@ Summary and outlook
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Motivation and introduction

W+ and Z production at the LHC

Large cross section & clean experimental signature
1%

Y o aqd — Z/y* =0t
qa _
ud —» W+ — bt
Qv v 7 B B o
P 2 du - W — 0 Iy

— One of the most precise probes to test the Standard Model (SM)

Important standard candles My measurement

» Detector calibration » Tevatron: Mw = 80.387 £ 0.016 GeV

» Luminosity monitor (most precise measurement of Myy to date!)

» Constraining quark PDFs » LHC: aimed precision of AMw < 10 MeV
» 7' W’ searches » Fits to kinematic distributions

(high My, M ¢ tails)

Largest missing piece:

» Precision measurements mixed QCD xEW corrections
.2 plept
Mw, sin” 0

~ %-level effects expected!

O(asa) corrections needed!
(especially around the resonance)
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Theoretical Status ﬂ

2 . .
QCD NNLO O(ex) (differential) [Melnikov, Petriello ‘06] [Catani, et al.09]
resummation [Moch, Vermaseren, Vogt '05] [Laenen, Magnea '06]
PS matching [Frixione Webber] [Alioli, et al. '08] [Hamilton, Richardson, Tully '08]
EW NLO O(a) W  [Dittmaier, Kramer '02] [Baur, Wackeroth '04]

7, [Baur, et al. *02] [Dittmaier, Huber *10]
multi-photon radiation [Baur, Stelzer '00] [Placzek, Jadach 03] [Calame, et al. '04]

+ much more...

Approaches to Combination

» Soft-gluon emission + final-state QED [Cao, Yuan '04]
» NLO EW + QCD parton-shower [Richardson, et al. '12]
» NLO (EW+QCD) + PS matching [Bernaciak, Wackeroth '12] [Barze, et al. 12, '13]

Steps towards NNLO QCDxEW O(as«)  (far from complete)

> NLOEW O(a) to V + jet (off-shell + decay) [Denner, Dittmaier, Kasprzik, Mtick '09, '11]
» Decay widths [Czarnecki, Kiihn '96](Z) [Kara '13](W)
> Zff vertex [Kotikov, Kiihn, Veretin '08]
> 2-loop on-shell V' production [Bonciani '11]
> 2-loop virtual QCD x QED [Kilgore, Sturm "12]
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@ Drell-Yan process @ NLO & the Pole Approximation



Pole expansion: Overview

[Stuart '91] [H.Veltman '94]
q q 0 q q A li, v.Oldenborgh, Wyler '94
Aim: Improve the theoretical prediction in resonance region PP ¥-ldencoran. Wyier 941

< Expansion about complex pole ;i = My — iMy Ty ~ leading: (p3 — u3)

W (p3)

M= "BV
Py — M2 +3(p})

N(p?)

W: resonant part, NN: non-resonant part, E(p%/): self-energy of V'

> [} — M7+ 2(p})] ~!: Dyson-resummed propagator
~ complex pole @ p? = 12, gauge invariant

» Residue W (u?)/[1 + ' (%)) gauge invariant
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Pole expansion: Overview

[Stuart '91] [H.Veltman '94]

q q 0 q q Aeppli, v.Oldenborgh, Wyler '94
Aim: Improve the theoretical prediction in resonance region PP ¥-ldencoran. Wyier 941

< Expansion about complex pole ;i = My — iMy Ty ~ leading: (p3 — u3)

W (p)
M= V4 NGR)
pi — M2 +X(p?) v
_ W(ui) 1 N W (p}) W (13,) 1 FNGR)
= - v
Py —py 1+ (ud) | pY — My +30%)  py —pg 1+ Y ()
“factorizable” corrections “non-factorizable” corrections + non-res.
> [} — M7+ 2(p})] ~!: Dyson-resummed propagator
~ complex pole @ p? = 12, gauge invariant
» Residue W (u?)/[1 + ' (%,)] gauge invariant
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Pole expansion: Overview

[Stuart '91] [H.Veltman '94]

q q 0 —af q q Aeppli, v.Oldenborgh, Wyler '94
Aim: Improve the theoretical prediction in resonance region /PP *-tdencoran. Wyier 94|

< Expansion about complex pole xi- = My — iMy Ty (gauge-invariant))

W) 1 W(p3,) W (u2) 1 NG
- - v
Py =y 1Y (pd) [y - My +30%)  py - i 143 (67)
“factorizable” corrections “non-factorizable” corrections + non-res.
qa él
\%
o : ; 12 @ 5 A
production gpmpagalorg decay production decay
» on-shell production & decay » connect production & decay
— fact. ini 2 — 1) resonant contribution
— fact. fin (1 — 2) <> only soft-photon exchange
— propagator (1 — 1) — non-fact. (2 — 2)

(taken care by on-shell scheme)

= Simplifications compared to the full off-shell calculation (2 — 2) [pitmaier, Kramer 01}, etc.
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Virtual factorizable corrections

Cut a V' propagator — two disconnected diagrams

Jaqp—V AV —4 2 qaqp—V V—£1 0
ettty M A Me TV A+ M () My
ew »fact - Z 2 2
x by — My
Ga 0 q 0
= +
a 2 @ 7y
—_— —_—
~» fact. ini ~» fact. fin
[y 2 2,\—1
» explicit propagator (py, — i)
> > .:spin correlation
» gauge invariance <+ on-shell projection (7, = 117)
Alexander Huss Mixed QCD x EW corrections to Drell-Yan processes in the resonance region 18-June-2014

7/18



Virtual non-factorizable corrections

Manifestly non-factorizable

N
q_a [1
» no “explicit” propagator (p7, — pf,)~*
14
v 2

Not manifestly non-factorizable

e 12 .
! - ! > explicit propagator (p?, — p?,) !
v > gauge-invariant definition: [full — fact.] . .
pZ, M2
/ \ > origin:
infrared regularization (1/¢)
W W { Vs, } do not commute!
on-shell limit (p3, — A7)
factorizable non-factorizable

Only soft region (|¢"| < T'v) leads to resonant contributions!
AN ks g,

Ga 4 v
Gaqp—L102
- s
pv _
W A qb /17b kz\" 12
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W*:  Mr,, distribution

1000 T T T T
mlad M. = \/Q(ET,ZET o W pT)

pp = WH =yt

T » most important distribution for the
determination of Mw

100

10
1
— LO
NLO QCD
——  NLO QCDxEW
0.1 . . . . .
60 70 80 90 100 110 120

Mr ,)[GeV]

50 T T

» EW: significant shape distortion

pp = WF =yt 1
Vs =14TeV

— QCD
EwW

60 70 80 90 100
Mr 1 [GeV]
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M 4, distribution

1000

do [ pb
iy, | GeV

100

LO
NLO QCD
NLO QCDxEW

P
V5 =14TeV

70

80 90 100

Mr ,)[GeV]

110

120

P W 2 pt

Vs =14TeV

6l
—— EW, fact, ini
st ——— EW,fact,fin
EW, non—fact
—— EW,PA
10 . . . . \
6 70 80 9 100 110
Mr 1[GeV]

120

M. = \/Q(ET,ZET — Pt pT)

» most important distribution for the
determination of Mw

» good agreement between full & PA
» fact. ini & non-fact. small and flat
» corrections mainly from fact. fin

Alexander Huss
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— LO
—— NLO QCD
——— NLO QCDxEW

pp =+ WH — vup™ .
5 = 14TeV » also important for My measurement

» sensitive to initial-state radiation
> jet veto

30 35 40 4

50

5 55 60
pr1[GeV]
[r ]120 T T T T T
3[%
100

pp = W = vt
b Vs=14Tev

» QCD: huge corrections above threshold
<+ recoil of the jet

» EW: also shape distortion

Alexander Huss
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W*:  pp, distribution

pp = WF = vt
Vs =14TeV

» also important for My measurement
» sensitive to initial-state radiation

100
> jet veto
10
V
— LO
—— NLO QCD U
. ——— NLO QCDxEW \
S Jet
; pra[GeV]
s[%] pp = W = vt
» good agreement between full & PA

V5= 14TeV F,J/K

v

non-fact. again flat and small

» fact. ini contributes significantly
+ sensitivity to initial-state radiation

v

again largest contribution from fact. fin

EW, fact, fin
EW, non—fact
EW.PA

—— EW, fact, ini

—15 ; ;
30 35 40 45 50 55 60
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@® Pole expansion @ NNLO O(as)



Contributions

T Non-factorizable (nf) corrections~

» discussed in the following

Qv
Factorizable initial-final corrections*

e e » large corrections
©) & shape distortion expected
14
@ 2 » work in progress, preliminary results

Factorizable initial—initial corrections*

» no significant shape distortion expected
c.f. M distribution for fact. ini corrections O(«)

@ A » no O(asa) PDFs

qa £

Ga 0 Factorizable final—final corrections*

» only a constant factor: O(as«) counterterm
— no impact on shape

g Lo

*only virtual contributions indicated ~- also real-, double-real emission, interferences,. ..
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Non-factorizable O(asa) corrections

. Rs®Rew Vs ®Rew Cs®Rew
0_$CD®EW _ //dgnfs e + //dgnfs e + //da-nfs e
3+ 2+ 2+

Rs®@Vew Vs ® Vew Cs®@Vew
+ /3da'nf + '/2do'nf + /Qdam
NLO QCD
69 = / do™s + / do™s + / do%s
3 2 2

NLO EW: non-factorizable corrections

~EW R, Ve
Tt :// do v +/2d0niew

2+~

Alexander Huss
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Non-factorizable O(asa) corrections

500D@EW // doRe@Rew | // do¥s®Rew // doCs®Rew

34y
+ /dgnf§5®vew + /da¥s®vew + /dgﬁs@%w
3 2 2
NLO QCD
69 = / do™s + / do™s + / do%s
3 2 2

NLO EW: non-factorizable corrections

o = [ ao + fraoie = [fao gz + [actere {5}

2+~ 24y

based on eikonal currents modified by off-shell effects

Alexander Huss
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-factorizable O(aga) corrections

500D@EW // doRe@Rew | // do¥s®Rew // doCs®Rew

3+ 24~

+ /3d035®vew + /2d0¥s®vew + /2d0$5®vew

NLO QCD

59% =/dch5 +/da"s +/dUCS,
3 2
co_@s 11 (4mp? i
do 75@2( Z dzda P (2)

do©s: collinear subtraction term ~» NLO PDFs

NLO EW: non-factorizable corrections

é_EfW_//dn,Rew +/do_vew — //d(rB s +/do’B2Re {5\2,;%,,1}
ew s 2
2+

2+~
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-factorizable O(aga) corrections

500D@EW //dGRse@Rew . //dgvs@mew N // Cs 5224y

34y
+ /danf§5®"ew + /da;&@"ew + /doCS2Re {83020}
3 2 2
NLO QCD

59%° =/dch5 +/da"s +/dUCS,
3 2
ce_@s 11 (4mp? i
do 75@2( Z dzda P (2)

do©s: collinear subtraction term ~~ NLO PDFs

NLO EW: non-factorizable corrections

&Efw—//dﬂReW +/do_vew _ //drrB G +/da 2Re {5\%;%,]1}
eWw s

24~ 24
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-factorizable O(aga) corrections

~ QCDREW Rs®R Vz ®R, Cg s2—2+4~
Gt QEW _ // do ST 4 do#°7eY 4 do = o "
2+~ 2+~

34y

+ /?’dU::SQDVe“’ + /zdar\];s®vew + /QdchsQRe {5\2/3\2n1}

(Virtual QCD) x (Virtual EW)

v
3 2
:
2—2 i 2—2
> o< Oy g > c.f. O(a) corrections oc 9y~

due to non-trivial cancellations

2-loop diagrams calculated by expanding in the loop-momentum (~):
lg"| ~ Ty ~ (py = py)/My — 0
different methods applied — results agree

> Mellin—Barnes representation
> effective-field-theory inspired approach [Beneke, et al. '03,04]
» gauge-invariance argument by generalization of [Yennie, Frautschi, Suura '61]

Alexander Huss
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-factorizable O(aga) corrections

~ QCDREW Rs®R Vz ®R, Cg s2—2+4~
Gt ® — // dgnfs ew + dgnfs ew + doCs 5Rew,nf
2+~ 2+~

34y

b faogen + [arane{sto ) + [aecane {522,)

(Virtual QCD) x (Virtual EW)

» c.f. O(a) corrections < 672 ¢
due to non-trivial cancellations

da¥s®vew = 2Re {62_>2 } do¥s

Vew ,nf

Alexander Huss Mixed QCD x EW corrections to Drell-Yan processes in the resonance region 18-June-2014 13/18



Non-factorizable O(asa) corrections

~ QCDREW Rs®R Vs R, Cg s2—2+4~
Gt ® — // dgnfs ew + dgnfs ew + doCs 6Rew,nf
2+~ 24

34y

- /dg§s®"ew + /da"szRe{éi?an} + /dacﬁ?Re{éifzm}
\ , - ;

(Virtual QCD) x (Real EW)

> same modified eikonal currents as in O(«) corrections
(only depends on momenta & charges of external legs)
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Non-factorizable O(asa) corrections

5Q00EW // doRe@Rew | // oV 6202t | //d Co 5224

3+ 24+
+ /dURS®vew + /davbgRe{ézﬁwzm} + /dUCbQRe{éijﬁm}

(Virtual QCD) x (Real EW)

> same modified eikonal currents as in O(«) corrections
(only depends on momenta & charges of external legs)

da'¥5®Rew = 2Re {52_>2+7} do ¥
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Non-factorizable O(asa) corrections

~ Rs®@Rew Vs 22+ 0322+
oo [fagror [ f[ao" s

3+ 24+
+ /dURS®vew + /daVEQRe{(SQﬁWZm} + /dUCbQRe{(ﬁ:WZ,m}

(Real QCD) x (Virtual EW)

» additional kinematic dependence from QCD emission

> new feature in gg channels: soft photon exchange between two final-state legs!
— enhancements?
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Non-factorizable O(asa) corrections

50CPGEW //dGRs@)ReW n //d Ve 5242?? N //d Ce 52%24”

3+ 24

+ /SdoRs 2Re {632} + /2dUVS 2Re {637} + /daC= 2Re {6307}

(Real QCD) x (Virtual EW)

> additional kinematic dependence from QCD emission

> new feature in gg channels: soft photon exchange between two final-state legs!
— enhancements?

da,f?sg)vew = 2Re {52_“0' }do’Rs

Vew ,nf
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Non-factorizable O(asa) corrections

o Rs®R. Vs 224 0322+
GgCD@EW://dO.s ew+//d 5*’nf"/+//d (SH ol

3+ 24

+ /SdaRs 2Re {6375, } + /2dUVS 2Re {637} + /dac= 2Re {6307}

(Real QCD) x (Real EW)

> new kinematic dependence on gluon emission (tree level)
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-factorizable O(aga) corrections

~QCDREW Rs §2—3+~ Vs §2—2+47y Cg 22+~
Ot ® = // do 5Rew‘nf + do ™ 5Rew,nf + do™* 6Rew,nf
2+

3+ 24

+ /?’dURSQRe{éf,:WSN} + /szVSQRe{és,zjnf} + AdaCSQRe{éezjm}

(Real QCD) x (Real EW)

> new kinematic dependence on gluon emission (tree level)

da'rl}s®Rew = 2Re {62_>3+7} dofts

Rew ,nf
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-factorizable O(aga) corrections

~ QCD®EW _ Rs 52%3«#7 da’V" 52%2«#«{ do Cs 62~>2+~/
Onf Rew ,nf

3+ 24

+ /daR= 2Re{52jfm} /davs 2Re{6“2m} /daC= 2Re{6f,;2m}

Infrared singularities—QCD corrections: dipole subtraction formalism

59eP =/d¢7RS +/do"s +/da'cs
5] 2 2
:/ [(ngS) — (dgAS) ]+/ [dovs + doCs +/dUAS]
3 e=0 e=0 2 1 e=0

Infrared singularities—EW corrections: phase-space slicing method AE <« Ty,

[ d®, do®P oy = Ao, do®P sy o+ / d®, do®P sy
o Ey<AE BEy>AE
= do., 87, do®P 4 / d®, o5y
Ey<AE Ey>AE
= 5soﬁ(AE)
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W distributions

1 . . . . . 10 . .
5[%) pp— Wyt o) | PP WE ot
V5 =14TeV V5 =14TeV
non-fact. O(aay) non-fact. O(aay)
0.5 F 4 5
0 pP——rr 0
_osk T 47 Olavinas) ] 51— 47 O(avinas) ]
—— a8 O(avireas) — a8 O(avireas)
—— 47 O(0rears) — 47 O(orearrs)
—— q8 O(arearors) — a8 O(arearos)
—_— full —_— full
1 ! ) . . . _10 ! . .
60 70 80 90 100 110 120 30 35 40 45 50 55 60
M ,1[GeV] pri[GeV]

» O(areaas): Withcut E, > AE, O(auinas): including dsoit(AE)
» almost perfect cancellation between different contributions
» tiny & flat corrections!

= dominant contributions at O(as«) from the factorizable corrections!
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Initial-final factorizable corrections

Contributions to the initialfinal factorizable O(«as«) corrections

@ o H Ga 0 i
(Virtual QCD) ,, A .M*Q rn
x (Virtual EW) Y v @ v Y

(Real QCD)
x (Virtual EW)

(Virtual QCD)
x (Real EW)

(Real QCD)
x (Real EW)
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Initial-final factorizable corrections

W production with dressed leptons (with  recombination)

1 . . . . . 10 . . . . .
8[%) pp— WF = vt 8% i
V5 = 14TeV 5 b pp = W=t
051 gimi—fin 1 Vi=UTeV
— o xa, 0 — pinicfin ]
0 — b, X " 4 — b, X0

5 i
— ba, X 0"

—0.5) —10F
15k
-1
—20F
—1.5
_o5k
9 . . . . . 30 . . . h !
60 70 80 90 100 110 120 30 35 40 45 50 55 60
M 1[GeV] pr,[GeV]

> no naive factorization: G #£ &, x 6o

todo: generalize to non-collinear safe observables ~~ bare leptons
todo: estimate shifts in My, My,
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@ Summary and outlook



Summary and outlook

Largest theoretical unknown in Drell-Yan processes: O(asa)
important in distributions around resonance (17, measurement) ~ Pole expansion

Pole approximation @ O(«)
PA reproduces full result near resonance
fact. ini: small and flat in M~ distributions, larger for pr
fact. fin: dominant contribution
non-fact.: small and flat

Pole approximation @ O(asa)

> establish concept of PA at this order

» calculation of non-factorizable corrections — negligible
—» factorizable corrections are dominant

> largest contribution expected from
(QCD initial state) x (EW final state) factorizable corrections
— work in progress, preliminary results
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Summary and outlook

Largest theoretical unknown in Drell-Yan processes: O(asa)
important in distributions around resonance (17, measurement) ~ Pole expansion

Pole approximation @ O(«)

PA reproduces full result near resonance
fact. ini: small and flat in M~ distributions, larger for pr
fact. fin: dominant contribution
non-fact.: small and flat

Pole approximation @ O(asa)

> establish concept of PA at this order

» calculation of non-factorizable corrections — negligible
—» factorizable corrections are dominant

> largest contribution expected from
(QCD initial state) x (EW final state) factorizable corrections
— work in progress, preliminary results

Thank you
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Backup Slides
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Motivation: My measurement

CDF Il preliminary I Ldt=221b"
» Tevatron: Mw = 80.387 & 0.016 GeV §1sooo .
(most precise measurement of Myy to date!) 3
» LHC: aimed precision of LI

AMw <10 MeV
» Fits to kinematic distributions

M,, = (80379 £ 16,,,) MeV

stal

5000

x?/dof = 58/ 48

600 MCONLO

500 1 MOGNLO+HORACE sz~~~ | e |
- MCQNLDXH&?:SE;::)T;K) %0 70 gz') 90 100
% a0 ] my(1v) (GeV)
=
\‘% 300 N

Largest missing piece:
mixed QCD xEW corrections
< compare two extremes:

£200

<

5|
3|

- === (14 daco + 0ew)
—— (14 dacp) x (1 + dew)

Difference ~ %-level!
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Virtual non-factorizable corrections

Only soft region (|¢"| < I'v) leads to resonant contributions!

» neglect ¢" (- loop momentum) everywhere except in divergent propagators
» only scalar integrals
» corrections factorize off from the lower-order diagram

Y G Pa k1
Ga 0o Ga \ /‘ 0y
-~ 5%%%@122 4
Vew ,nf —
14 pv _
@ ZZ v /‘Pb kg\ 2

du — WT — vl

Ju—vyet o M2, M2,
st 1{—2+Qdmz (1 + J) — Qu Lis (1 + J)

Vew ;nf

T or

M Mg, R
X |1+Qgln| ——— | —Quln | —— [Dittmaier, Kramer '02]
tres Ures
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Real corrections in the pole approximation

Real corrections in the PA
Decompose into initial-state and final-state radiation

1 1 1 1 1
v+ B2 =i py—py 2pv-k[p?/fu?/ (pv+k)2fu?/]

kot
Vﬁvﬁgvvvv =

el i
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Real corrections in the pole approximation

Real corrections in the PA
Decompose into initial-state and final-state radiation

1 1 1 1 1
v+ B2 =i py—pyy 2pv-k[p?/fu?/ (pv+k)2fu?/]
k/‘ Y
sz\gvx.v = «Ml\léﬁ/\. + *"M"g""
— —
pv+k  pv

: d ks A @ A
! k
' v v

P p— )jfiw< + Mﬂv
1 —
' 4+ k _
H pv 2 @ v+ A

2
5

g
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Real corrections in the pole approximation

Real corrections in the PA
Decompose into initial-state and final-state radiation

1 1 1 1 1
v+ B2 =i py—pyy 2pv-k[p?/fu?/ (pv+k)2fu?/]
k/‘ Y
sz\gvx.v = «Ml\léﬁ/\. + *"M"g""
— —
pv+k  pv

: d ks A @ A
! k
' v v

P p— )jfiw< + Mﬂv
1 —
' 4+ k _
H pv 2 @ v+ A

2
5

g

|...J? ~ fact. ini. |...|* - fact. fin.
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Real non-factorizable corrections

E, =Ty E, =31y
_//\/\ 2 ST~
2 1 0 1 2 3 Pv 2 1 oN_t/ 2 3 Pv
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Real non-factorizable corrections 3

» only soft photons! (£, ~ v < My)

[ modified eikonal currents |- factorizes off from diagram without - emission

|Munb‘>‘€1‘e_2'Y|2 _ 6%11&%51227‘/\/1%%%5122 ’2
R. B

ew non-fact T Rewnf
da £ 0 *
Spe i 1Y = —e? 2Re { (Jfigg) Jeo.n }
ph Py (pa + po)"
Jh = Qo + Qp—— + (Qu — Qp) ————
prod k- pa k- py ( >k’ - (pa + o)
kY ky (k1 + k2)" Py — 13
Jh = |- L Qo —2 Q1 — Q: v v
Sec [ 21k_k1+22k_k2+(21 22>k<(k‘1+k2) (pv + k)2 — 12,
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Example 2-Loop Diagram

Ga 4y
g Cras QqQi 0 2~ 2 A2 A 7
~—— ——— M (1 —¢)(—t —8§87) I(s,t
S TS MO (-9 (<) (uh — 8%) 1(5.1)
Qv v 05
» Mellin—Barnes representation
tar = (pa — k1)’ > method of regions
» generalization of [Yennie, Frautschi, Suura '61]

—

s12 = (k1 + k2)?

_Gm*riae (=T ()1 1
- (13 —3)(—1) ME n2 2e3 €? €
vonis (5 (14 L 6C(3) — 21 R Y SO
Mz )T M2 \mz) e M2
of —1 i 52 R i
+ In (AJ&,)IH<1+1\[ ) G < l+]\[ +1+O(€)+O(s—/1v)
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YFS argument

[Yennie, Frautschi, Suura'61]  (photon momentum q)
da N 6 7 0
g
+ g ~ 0
q—0
v 2 v 2
v 12 v 12
Y v Y
P P P
— — — 0
+ q—0 =
(scale-less integral)—0
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Z distributions @ NLO

T T T T T 100 T T T T T
pp = Z/y" = ot
V5= 14TeV
pp = Z/y = ppt
100 Vs =14TeV El
10 4
10
— 1O
—— NLO QCD
1 ——— NLO QCDxEW
LO
—— NLOQCD b
——  NLO QCDxEW
0.1 . . . . . . . .
60 70 80 90 100 110 120 30 35 40 45 50 55 60
My[GeV] pr1[GeV]
100 T T T T T 5 T T T T T
pp = Z/y =t (%] pp = Z/y" = ppt
Vs =14TeV B V5 =14TeV J—’_HF\
0
—— EW
——— EW, fact,ini 1 5
——— EW,fact, fin
e
e ——— EW, fact, ini
—10f —— EW, fact, fin 4
EW, non—fact
L_rff —— EW,PA
_ool 1
. . . . . _15 . . . . .
60 70 80 90 100 110 120 30 35 40 45 50 55 60
My[GeV] pr1[GeV]
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Z distributions (non-factorizable) @ NNLO

0.1 ‘ ‘ : : : f
o] pp = Z/7" = ppt o%]
V5 = 14TeV
non-fact. O(aay)
0.05 4
0 ==F e = L
— 97 O(aviras)
—0.05 — a8 O(avireos) 4
— 44 Oarearcss)
— 48 O(areas)
— full
—0.1 L L L L L
60 70

Alexander Huss

80 90 100 110
My[GeV]

Mixed QCD x EW correcti

T T

pp = Z/y" =yt
V5 =14TeV
non-fact. O(aay)

120 30

s to Drell-Yan processes i
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